We introduce a method for the acquisition of single molecule force measurements of ligand-receptor interactions using the photonic force microscope (PFM). Biotin-functionalized beads, manipulated with an optical trap, and a streptavidin-functionalized coverslip were used to measure the effect of different pulling forces on the lifetime of individual streptavidin-biotin complexes. By optimizing the design of the optical trap and selection of the appropriate bead size, pulling forces in excess of 50 pN were achieved. Based on the amplitude of three-dimensional (3D) thermal position fluctuations of the attached bead, we were able to select for a bead-coverslip interaction that was mediated by a single streptavidin-biotin complex. Moreover, the developed experimental system was greatly accelerated by automation of data acquisition and analysis. In force-dependent kinetic measurements carried out between streptavidin and biotin, we observed that the streptavidin-biotin complex exhibited properties of a catch bond, with the lifetime increasing tenfold when the pulling force increased from 10 to 20 pN. We also show that silica beads were more appropriate than polystyrene beads for the force measurements, as tethers, longer than 200 nm, could be extracted from polystyrene beads.
Introduction
A major challenge in molecular and cellular biology is to investigate biological processes under physiological conditions.
Many of these processes occur within the confines of cellular compartments and/or the surfaces of lipid membranes. Therefore, the working area per volume has a length scale of less than 100 nm and involves tens of molecules. In many cases, studies need to be carried out with individual cells, since it is impossible to mimic the conditions of the cellular environment in vitro. A technique that was designed to meet these challenges is the photonic force microscope (PFM) [1, 2] . This approach builds on advances of laser trap technology [3] [4] [5] and ultrafast sub-nanometer resolution particle detection to probe the local environment of the trapped particle in three dimensions (3D) [6] . The optical forces generated by a PFM on a small particle, acting as a force sensor, are typically in the piconewton range, making it an ideal tool for studying the mechanics of individual molecules such as kinesin [7, 8] and myosin [9] . The PFM is also ultrasensitive to the local environment under investigation. Using the PFM, Pralle et al measured the size of protein lipid rafts by recording the diffusion of a microsphere specifically coupled to the membrane of a living cell [10] . The PFM has also been employed as a high resolution device to image the 3D volume of a polymer network [11] . More recently, the PFM was applied to measure nanoscale surface forces and friction at a plane surface [12] , to track the 3D dynamics of macrophage membrane protrusions during phagocytosis [13] , to detect sequential bond formation between a biotin-streptavidin ligand-receptor pair [14] , and to assess protein friction between a single kinesin motor molecule and its underlying microtubule [15] .
In the current report, we describe the development of an approach based on the PFM that automated and greatly accelerated the acquisition of force measurements of ligandreceptor interaction. The experimental principle of our PFM force-dependent kinetic measurement is illustrated in figure 1 . A receptor-functionalized coverslip was lightly pressed against an optically trapped ligand-functionalized microbead to facilitate the formation of a ligand-receptor complex. To dislodge the bound bead from the surface, the trapping potential was strengthened by increasing the output power of the trapping laser. Subsequent lowering of the coverslip displaced the bead from the trap center and generated a vertical pulling force on the bead. The bead remained attached to the surface until the ligand-receptor complex ruptured. The survival time of the complex depended on the intrinsic properties of ligand-receptor interaction and the number of ligand-receptor bonds formed.
For this study, we used the biotin-streptavidin complex as a model system for ligand-receptor interactions [16, 17] . Streptavidin is a 52.8 kD protein isolated from the bacterium Streptomyces avidinii. Its active form is a tetramer, capable of binding four biotins, a B-complex vitamin involved in the metabolism of fatty acids and amino acids. The streptavidinbiotin complex is extremely stable over a range of temperature and pH and is a model system for high affinity interaction. The biotin-streptavidin system has been extensively characterized, including by direct force measurements [18] [19] [20] [21] [22] [23] [24] [25] [26] .
Methods and materials

Functionalized beads and coverslips
One micrometer sized silica beads (SS04N/9189; Bangs Laboratories, Inc., Fishers, IN) were derivatized with biotin according to Steinberg et al [27] . Silica beads, activated by 3-aminopropyltrimethoxysilane, were functionalized with NHS-PEG4-biotin (Pierce, Rockford, IL). Biotinylated 1.75 μm sized polystyrene beads were also purchased from Bangs Laboratories (CP10F/8575: 1.75 μm Dragon Green (480, 520) fluorescent, biotin-coated polystyrene, 1% solids, binding capacity = 0.07 μmol biotin mg −1 ) and used without further modification. The choice of the bead size for each bead material (silica or polystyrene) was motivated by the extent of optical forces generated by the laser trap when interacting with the bead. In order to generate sufficient force to rupture the intermolecular bonds that stabilize a streptavidinbiotin complex, a high vertical trapping force constant, k Z , is needed. This is achieved for bead sizes close to the wavelength, ∼1 μm, of the trapping laser [28] . In general, due to their lower refractive index, silica beads generate lower forces than polystyrene beads. Therefore, for comparison, we chose the polystyrene to have a bead size allowing for comparable trapping forces to a 1 μm silica bead. The trapping force constants, k X , k Y , k Z , were determined in 3D for both bead types used experimentally through the PFM calibration procedure described below.
To immobilize streptavidin on glass coverslips, a stock solution of streptavidin (Thermo Fisher Scientific, Switzerland) at 5 mg ml −1 was prepared in 100 mM NaHCO 3 , pH 9. 50 μl spots of streptavidin at different concentrations were adsorbed on the coverslip overnight (12 h for consistency) at 4
• C, and then blocked with 1% BSA in 100 mM NaHCO 3 , pH 9 for 2 h at room temperature.
Photonic force microscope
A detailed description of our PFM setup is given in the supplementary data (available at stacks.iop.org/Nano/21/ 255102/mmedia).
Calibration of PFM
Calibration consists in determining the position calibration factor β and the spring constant k of the optical trapping potential for all three axes, X, Y and Z . The axial (along Z ) position fluctuations of the trapped bead are measured by the intensity ratio of the scattered laser light to the total amount of light reaching the detector [6] . β for each dimension is given in units of nm V −1 since the acquired position signal is recorded in volts, and the position of the particle is expressed in nanometers. For PFM calibration, we use the method developed by Tolić-Nørrelykke et al [29] . A defined fluid flow around the bead was created by moving the whole sample chamber through the piezo scanning table with a sinusoidal oscillation x drive (t) = A sin(2π f drive t) at a given amplitude A = 100 nm and frequency f drive = 10 Hz, while the laser trap remains fixed. The sphere was typically positioned at a distance h = 10R bead from the glass surface to avoid any boundary effects [30] . The resulting power spectral density P( f ) for long measurement times of typically 50 s is given by
where D is the diffusion coefficient given by Einstein's relation D = k B T /6πηR bead and f c the corner frequency. Equation (1) is the superposition of the 'thermal background' arising from Brownian fluctuations (P therm ( f ), first term) with a delta function spike at the driving frequency of the stage (P drive ( f ), second term). This 10 Hz peak appears only in the power spectral density measured along the oscillation direction X (figure 2(A)), if the PFM is well aligned (see section 2.4). With bead sizes and the trapping stiffness used here, hydrodynamic effects arising from the fluid and particle inertia can be neglected [31] . The experimentally measured P
Hz −1 and is related to P drive ( f ) through the relation giving us β: 
With this method, the quantitative characterization around Brownian motion requires knowledge of the local temperature of the bead. Temperature variations arise from laserinduced heating and affect the viscosity of the surrounding fluid [32, 33] . For the experiments performed by using low laser powers, i.e. low trap stiffnesses, no significant temperature increase was observed. In contrast, laser-induced heating became critical at high trapping forces, when maximal laser powers were employed to disrupt the ligand-receptor bond. In order to check for possible temperature changes in the laser focus, we first determined the aqueous medium's viscosity from
and then looked for the temperature corresponding to such a water viscosity. The newly defined temperature, which was typically around 28
• C, was then used for determination of β. 
Alignment of PFM
The objective, condenser and QPD have to be precisely aligned along the optical axis defined by the laser beam path, in order to optimize sensitivity and reduce cross-talk between the axial (Z ) and the lateral (X and Y ) channels of the QPD. Cross-talk may lead to underestimates of the trapping stiffness [29] as well as to distortions in the symmetry of the 3D trapping potential. Therefore, the QPD, CND and OBJ were repositioned relative to the laser beam axis, while monitoring online the 2D projections of the trapped particle's position Figure 3 . Detector linearity. Time traces in X (red), Y (blue) and Z (green) directions as a biotin bead bound to the streptavidin surface was pushed out of its trapping position by the piezo stage in three steps of 50 nm, and then pulled back for ∼500 nm until the bond ruptured. The black diagonal line is a guide to the eye and indicates that our PFM system was linear in a range between +200 and −200 nm from the focus.
histograms ( figure 2(B) ). The PFM is considered as well aligned when the histograms along X and Y are symmetric, and the direction along Z is close to vertical, i.e. perpendicular to the focal plane. A further check for cross-talk is the absence of the 10 Hz peak in the power spectral density of the Y and Z (figure 2(A)).
PFM linearity
In our experiments the bead bound to the coverslip via a biotinavidin bond is offset by typically 300-500 nm from its trapping position, once the coverslip is pulled away (figure 1). As PFM linearity depends on the bead size and material, we determined the linearity range of the PFM system for each bead type used. The equilibrium position of a 1 μm silica bead inside the optical trap relative to the laser focus was measured to be ∼90 nm as described in [34] . The position of the streptavidincoated coverslip relative to the focus of the optical trap was regulated by the piezoelectric stage. Upward displacement of the coverslip at 50 nm increments along the optical z axis was used to push the coverslip against the bead (figure 3), allowing the streptavidin-biotin bond to be formed. The motion of the piezo stage was then reversed, and the bound bead was pulled back, again in 50 nm steps, through its trapping position, past the laser focus, until the bond ruptured at an offset of ∼500 nm. The black diagonal line in figure 3 highlights deviations from the linear regime of the detection system. This procedure also represents a cross-check of the accuracy of the determination of β along Z , where the bead positions relative to the trapping position can be directly compared to the 50 nm steps performed by the piezo stage along Z , calibrated by the manufacturer.
Results
Description of the experimental system
As a model system to study the effect of pulling force generated by the PFM on the unbinding of a ligand-receptor complex, we investigated the interaction of a biotin-functionalized bead with a coverslip surface coated with streptavidin by PFM force measurement. The experimental design of these measurements is illustrated in figure 1 . One micrometer silica microbeads, lightly functionalized with biotin, were injected into a sample chamber formed by a microscope slide and a glass coverslip functionalized with streptavidin. When the coverslip was coated with streptavidin at 0.5 mg ml −1 , many of the beads remained in suspension for an extended period of time (>2 h). The suspended beads were distinguishable from the bound beads since they were out of focus and diffused randomly. A selected bead was identified and positioned close to the optical trap. Once trapped, the bead was confined to a small volume, about a hundred nanometers above the focus of the optical trap of the PFM (step I of figure 1 ). The amplitude of the bead's position distribution was determined by the strength of the trapping potential [28, 29] . In order for the bead to be more sensitive to local force changes upon binding, a weak trapping potential was used at this point in the measurement. This conferred to the bead greater freedom to explore potential binding sites. When the streptavidin-coated coverslip was elevated, bringing the coverslip closer to the trapped bead and eventually making contact with the biotin bead, its movement was further restricted, first by the surface and then, even more, when it was bound to streptavidin (step II of figure 1 ). To dislodge the bound bead from the surface, the streptavidin-coated coverslip was lowered, resulting in a displacement of the bead relative to the trapping potential of the PFM and a vertical pulling force on the bead. The bead remained attached to the surface until the biotin-streptavidin complex(es) ruptured. Breakage of the biotin-streptavidin bond(s) was characterized by the sudden return of the bead to its equilibrium position in the trap and an increase of its fluctuation volume. The survival time of the complex depended on the strength of the pulling force and is an intrinsic property of the biotin-streptavidin complex. Figure 4 (A) presents the time trace of a bead's thermal position fluctuations in an optical trap in close proximity to a streptavidin-functionalized surface, but initially not immobilized via streptavidin-biotin bonds. As shown, seven sections of the time trace, labeled a-g, were selected for analysis. Figure 4 (B) presents the corresponding 2D position histograms (top X Z; middle Y Z; bottom XY ) of the bead. The isosurface of the 3D position histogram (not shown) resembles a prolate spheroid with elongation along the Z axis. At section a, the biotinylated bead was approximately 10 nm above the streptavidin-functionalized coverslip. Spatial fluctuations were approximately 150 nm along the X and Y axes parallel to the plane of the coverslip and about 300 nm along the axis (Z ) perpendicular to the coverslip. The 2D histogram of section a along the XY plane was radially symmetrical. The asymmetry observed in both X Z and Y Z histograms can be attributed to the close proximity of the bead to the coverslip, which restricted the displacement of the bead. Between sections a and b the coverslip was elevated 50 nm towards the trapped bead, further restricting the fluctuation of the bead along the Z axis. In section c, the bead experienced a sudden change in spatial fluctuations that was most pronounced along the X and Z axes. Moreover, its fluctuations in Z revealed a downward displacement (∼60 nm) of the bead towards the coverslip that was consistent with binding of the bead to the coverslip. Interestingly, this binding event resulted in a bead displacement also along the X axis, but not the Y axis, relative to the beam axis of the optical trap. We interpreted these observations to correspond to the formation of a streptavidin-biotin bond along the X axis (see figure 4(C)). As a consequence of both the formation of the streptavidin-biotin bond and the off-centered position of the bond relative to the optical axis of the trap, there was a significant reduction in the magnitude of X fluctuations. There was some reduction in fluctuations along the Y direction, but not as significant. In sections d-g of the time trace, the bead was bound to the surface of the coverslip via a single streptavidin-biotin linkage. The 2D histograms revealed that formation of the streptavidin-biotin bond restricted the movement of the bead mainly along the vertical axis. The lateral movement of the bead was less restricted, as the bead was able to pivot about its attachment point. presents a schematic illustration of the trapped bead bound to the surface via a streptavidin-biotin bond that is consistent with the recorded time trace. The tilt observed in the X Z histograms derived from sections d-g provided additional support to the assertion that the streptavidin-biotin attachment point was offset along the X axis.
Force-dependence of dissociation of the biotin-streptavidin bond
The PFM was used to determine how a pulling force affected the survival time of the biotin-streptavidin bond. A typical set of recordings from these experiments is presented in figure 5 . In order to generate sufficient force to induce the dissociation of the streptavidin-biotin linkage, the trapping potential was strengthened by a factor of 35 by increasing the incoming power of the IR laser. As a consequence, the thermal fluctuations of the trapped bead (figure 5, region I) were significantly reduced compared to the weakly trapped bead of figure 4 . Hence, relative changes of the position fluctuations due to additional confinement became less visible.
To identify the point of bead-coverslip contact, the coverslip was elevated in 50 nm steps until it displaced the bead out of its trapping position, as detected in the Z -axis time trace. Since the amplitude of the position fluctuations of the suspended bead was ∼30 nm in Z , a displacement of 50 nm was readily detected ( figure 5, region II) . This, along with the delay in region II, determined the number of streptavidin-biotin bonds formed between the bead and the coverslip. To disrupt the streptavidin-biotin linkage, the coverslip was lowered, pulling the attached bead with it (figure 5, III). As a first order approximation, the trapping potential of the PFM can be considered as a harmonic potential. A vertical displacement Z of the bead away from its equilibrium position resulted in a restoring force F Z that pulled the bead away from the coverslip ( figure 5, region IV) . Eventually, the upward pulling force on the bead broke the streptavidin-biotin linkage ( figure 5, V) . The unbinding of the streptavidin-biotin complex was detected as a sudden displacement of the bead in the Z direction, back to its original equilibrium position. The severed linkage also permitted the bead to fluctuate again within the confines of the optical trap alone (figure 5, region VI). The lifetime of the streptavidin-biotin complex in the presence of a pulling force was given by the duration of region IV in figure 5 . As summarized in figure 6 , the lifetime of the streptavidin-biotin complex depended on the pulling force of the optical trap. Interestingly, our measurements revealed that there was an increase in complex lifetime from 14 to 17 pN, then a plateau to 20 pN before decaying exponentially toward zero at higher forces. The exponential dependence in the force regime above 20 pN is consistent with the standard Bell model [35] . Overall, the observed properties of the streptavidin-biotin interaction are characteristics of a catch bond that have been detected in other ligand-receptor systems [36] [37] [38] [39] .
Forced extension of polymer in polystyrene bead tethers
As polystyrene (PS) beads are typically used in single molecule optical trap measurements, we performed the same experiments as above with 1.75 μm PS beads. The PS beads have the advantage that they can generate higher forces than silica beads due to their refractive index. PS is also favored because the local temperature of the trapped bead is not elevated as much as is the case for silica beads. To make biotin-coated spheres, a biotin derivative is conjugated to carboxylate-modified polystyrene spheres. The hydrophilic carboxylic acid-containing monomers used to modify the PS bead can polymerize at the bead surface to form loosely associated water-soluble polymer (WSP) chains. Most of the loosely bound WSP is washed away after polymerization, but permanently bound WSP chains may be available for biotin immobilization. Our PFM binding measurements revealed that the polymer tethers can extend over 200 nm away from the surface. In the measurement presented in figure 7 , a biotin-functionalized PS bead, bound to a streptavidin-coated coverslip, was displaced by a distance of about 300 nm away from the center of the optical trap, generating a pulling force of about 17 pN between the bead and coverslip. After about 1.2 s, the bead suddenly displaced 112 nm toward center of the trap. An increase in the thermal position fluctuations of the bead further supported the interpretation that the bead moved away from the surface of the coverslip. The bead remained at this position for about 2.5 s before it displaced again to a height of 180 nm above the coverslip, but not free of the coverslip. It remained at this position for 1 s before displacing to the center of the trap. The 2D position histograms show only a slight confinement of the bead by the PS tether along all three dimensions, indicating that the tether is only slightly stiffer than the optical trap with k X = 202 μN m −1 ; k Y = 221 μN m −1 ; and k Z = 56 μN m −1 ( figure 7(B) ). The XY position histograms revealed a slight offset between the tether axis and the optical trap axis along both directions X and Y . The presence of the two plateaus at 112 and 180 nm can be interpreted as successive extraction of a WSP chain from the PS bead, as no such plateaus were detected in measurements carried out with silica beads. The extension of the WSP appeared to be force dependent. At low force, the frequency of WSP extension was low. At ∼20 pN, 30% of the measurements revealed polymer extension with an average extension length of ∼200 nm.
Discussion and conclusion
Optical trap experiments provide detailed dynamic information on an individual molecule and its surroundings. Although it is a powerful technique, it is still the domain of specialists. This is not only because precise alignment of the instrument is required, but also because the measurements themselves are challenging and tedious. To take advantage of the greater lateral (X or Y ) force generated by an optical trap, most commonly used experimental designs use two beads; one stationary and the second manipulated by the optical trap along the X or Y axis towards the stationary bead [40] . When both beads are brought into close contact with each other for interaction, scattering of the trapping laser will occur, degrading the signal-to-noise ratio and making it more difficult to estimate the force on the trapped bead [30] . To avoid this drawback, the two beads are often linked in a so-called dualtrap dumbbell assay via a long DNA tether that is difficult to visualize and hence to control the second bead. The vertical force generated by an optical trap is typically three to five times weaker than the force generated laterally. However, by optimizing the alignment and selecting the appropriate bead size, we were able generate an optical trap that can exert a vertical pulling force in excess of 50 pN. These forces allowed us to reduce the survival time of the high affinity streptavidinbiotin complex to subseconds from hours, and should be sufficient to rupture most biomolecular interactions of interest in the time regime of seconds or less.
A strong vertical force allowed us to develop a semiautomated system for the acquisition of force-dependent kinetic measurements using the PFM. This was possible due to the configuration of our experimental system. The biotin beads were inserted between two glass coverslips that formed the sample chamber. Unbound beads were readily distinguished from beads bound to the streptavidin-coated coverslip by their diffusive motion. Our control system allowed us to select a bead from view, capture it with the optical trap, and perform the force measurement. The sample chamber was fixed on a computer controlled 3D piezo scanning stage. The motion of the scanning stage was automated in order to allow a reproducible approach and retraction of the coverslip, functionalized with streptavidin, towards the trapped biotinylated bead. Our system also semi-automatically calibrated the trapping potential and determined if the bead was coupled to the coverslip by one or multiple bonds. As a result, hundreds of measurements were acquired in one session.
An important feature of our PFM system is its ability to distinguish between the formation of one and multiple bonds in our measurements prior to the application of a pulling force. The number of biotin-streptavidin bonds formed depended on a number of factors including the surface density of both streptavidin and biotin, the duration of biotin beadstreptavidin coverslip contact and how hard the bead was pressed against the coverslip. To identify conditions for single streptavidin-biotin bond formation, biotin beads were prepared at different amounts of labeled biotin. Conditions were worked out so that the binding between a biotin bead and the streptavidin coverslip occurred at a frequency of about 10% following bead-coverslip contact. Under these conditions, the probability that the detected adhesion event is mediated by a single streptavidin-biotin bond is approximately 0.95 [41] . Bond formation was accompanied by a reduction of the vertical fluctuation and a lateral displacement of the bead as shown in figure 4 . In most cases, there was no further change in the 2D histograms after the initial bond is formed on the timescale of 10 s, indicating that no second bond formed. The formation of multiple bonds will further restrict the fluctuations of the bead and break the radial symmetry of the XY 2D histogram as reported by Bartsch et al [14] .
Our analysis of the PFM measurements revealed that the streptavidin-biotin interaction deviated from the standard Bell model [39] at pulling forces less than 20 pN, and exhibited properties of a catch bond. Although the streptavidin-biotin interaction has been extensively studied by other direct force spectroscopy techniques, including AFM and biomembrane probes [18] [19] [20] [21] , its catch-bond-like characteristics have not yet been reported. However, it should be noted that catchbond-like properties are not directly evident in the force ramp methods used in the previous studies. Although the catch bonds represent counterintuitive behaviors, they are not uncommon. Using force clamp techniques similar to the approach employed in the current work, a number of ligand-receptor systems have been shown to form catch bonds. Specifically, catch bonds have been demonstrated in interactions between selectins and ligands [36] , actin and myosin [37] , FimH receptor and mannose [38] , and fibronectin and the α 5 β 1 integrin [39] . Their unusual properties have been attributed to a force-induced structural/conformational change in the binding site of the interacting molecules.
In summary, we have developed a method to study the effects of an applied force on biomolecular bonds by PFM. The accessible forces range from a fraction of 1 pN to 50 pN and are ideally suited for ligand-receptor studies. Our experimental design can be readily adapted to studies involving live cells. This opens up the possibility of studies on the regulatory role of the cell in processes such as cell adhesion and migration. In this process the pulling force is not necessarily perpendicular to the membrane. Our 3D experimental setup will allow us to probe the effect of a pulling force in any arbitrary direction. Such studies are expected to reveal greater insights into biological processes.
